Methotrexate (MtX) is an antifolate agent used for the treatment of various malignancies and is eliminated by breast cancer resistance protein (BcRp). Because febuxostat (fBX) is known to inhibit BCRP activity, FBX might exacerbate MTX-related adverse effects. In this study, we examined the drug-drug interaction between FBX and MTX in BCRP-expressing membrane vesicles. Moreover, we retrospectively investigated the impact of FBX on MTX-related adverse effects in 38 patients (144 cycles) receiving high-dose MtX therapy (HDMtX). the food and Drug Administration Adverse event Reporting System (FAERS) database and human hepatocellular carcinoma cell line HepG2 cells were used to evaluate the effects of FBX on MTX-induced hepatotoxicity. In the membrane vesicle study, FBX significantly inhibited BCRP-mediated transport of MTX. Concomitant FBX significantly increased the incidence of hepatotoxicity, but not of nephrotoxicity and hematological toxicity in patients receiving HDMtX. fAeRS database analyses revealed that the reporting odds ratio of fBX for MtX-induced hepatotoxicity was 4.16 (95% CI: 2.89-5.98). Co-incubated FBX significantly decreased the cell viability and increased cytotoxicity in MTX-treated HepG2 cells. These findings suggest that concomitant FBX enhances MTX-induced hepatotoxicity by inhibiting hepatic BCRP. These findings provide important information for the safe management of HDMtX therapy in clinical settings.
. Effect of FBX on BCRP-mediated uptake of [ 3 H]MTX. (a) The uptake of [ 3 H]MTX (10 µM) was estimated for 5 min with human BCRP-expressing plasma membrane vesicles and mock-transfected vesicles in the presence or absence of ATP. (b) The BCRP-mediated uptake of [ 3 H]MTX (10 µM) using BCRP-expressing membrane vesicles was estimated for 5 min in the presence or absence of 1 μM chrysin and 0.1 or 1 μM FBX. BCRP-mediated [ 3 H]MTX uptake was calculated by subtracting the [ 3 H]MTX uptake in the mock-transfected with ATP from that in the BCRP-expressing vesicles with ATP. Each column represents the mean ± S.E. of three separate experiments. Statistical analyses were performed using the Dunnett's test. *** p < 0.001 compared to mock-transfected vesicles with ATP, † † p < 0.01, † † † p < 0.001 compared to control (vehicle) . than that in the mock-transfected vesicles in the presence of ATP (p < 0.001), and this increased uptake was not observed in an ATP free condition.
To assess whether FBX inhibits BCRP-mediated transport of [ 3 H]MTX, the uptake of [ 3 H]MTX (10 µM) with BCRP-expressing membrane vesicles was measured for 5 min in the presence or absence of 1 μM chrysin (a potent BCRP inhibitor) and 0.1 or 1 μM FBX (Fig. 1b) . Chrysin potently inhibited the BCRP-mediated uptake of [ 3 H] MTX. In addition, the BCRP-mediated uptake of [ 3 H]MTX was decreased to 55% and 19% of that of the control by co-incubation of 0.1 and 1 μM FBX, respectively. characteristics of the included patients. After considering the inclusion and exclusion criteria, 38 patients (HDMTX administration: 144 cycles) were enrolled in this study. The characteristics of the included patients are summarized in Table 1 . Twenty-four patients (72 cycles) received FBX during therapy with HDMTX. The potential drug interactions with MTX were verified using Lexi-Interact TM for all the study patients. Drug interaction between MTX and PPI was identified in 14 (19%) and 34 (47%) cycles in patients receiving and not receiving FBX, respectively. The rate of co-administered PPI was significantly higher in patients not receiving FBX than those receiving FBX (p < 0.001). The other characteristics were not significantly different between patients receiving and not receiving FBX.
Hepatotoxicity, nephrotoxicity, and hematological toxicity following HDMTX therapy in patients receiving and not receiving fBX. The number of patients showing hepatotoxicity, nephrotoxicity, and hematological toxicity in the two groups is summarized in Table 2 . The incidence of hepatotoxicity in patients receiving FBX (17%) was significantly higher than in those not receiving FBX (3%, p = 0.009). Moreover, the characteristics of hepatotoxicity in cases defined as acute drug-induced liver injury are summarized in Supplementary Table 1 . In all cases, the clinical patterns of hepatotoxicity were hepatocellular injury. The causalities of MTX for hepatotoxicity were classified as "highly probable" or "probable" whereas those of FBX were "unlikely" or "excluded". On the other hand, there were no significant differences in the incidence of nephrotoxicity and hematological toxicity between the two groups (p = 1.000).
Comparison of serum MTX concentrations at 24 h, 48 h, and 72 h following HDMTX therapy
in patients receiving and not receiving fBX. Figure 2 shows the comparisons of serum MTX concentrations at 24 h (A), 48 h (B), and 72 h (C) following HDMTX therapy between patients receiving FBX (72 cycles) and not receiving FBX (72 cycles). As shown in Fig. 2b ,c, the serum MTX levels at 48 and 72 h in patients receiving FBX were significantly higher than in those not receiving FBX (p = 0.030 and p = 0.001, respectively). On the other hand, there were no significant differences in the serum MTX levels at 24 h between the two groups (p = 0.216). www.nature.com/scientificreports www.nature.com/scientificreports/ Analyses on the impact of co-administered drugs on hepatotoxicity following MtX therapy using the fAeRS database. After excluding the duplicate reports, 4,133,405 out of 4,413,516 reports in the FAERS database were analyzed. A total of 98,587 cases of MTX-related adverse events were extracted. These were 8,793 cases of MTX-induced hepatotoxicity. The results of the database analyses including reporting ratio of MTX-induced hepatotoxicity, reporting odds ratio (RORs), and 95% confidence interval (CI) in patients receiving FBX, allopurinol, lansoprazole, and rabeprazole are summarized in Table 3 . The reporting ratio of hepatotoxicity in patients receiving FBX (29%) was significantly higher than in those not receiving FBX (9%, p < 0.001). As for the other drugs observed, the ratio of MTX-indcued hepatotoxicity was not significantly different based on the concomitant use of these drugs. In addition, a positive signal was observed with co-administered FBX (ROR: 4.16, 95% CI: 2.89-5.98) whereas no significant signals were not found with co-administered allopurinol (ROR: 0.95, 95% CI: 0.76-1.19), lansoprazole (ROR: 0.97, 95% CI: 0.82-1.16), and rabeprazole (ROR: 0.88, 95% CI: 0.65-1.20).
Effect of FBX on cell viability and cytotoxicity after exposure to MTX in HepG2 cells. To assess
whether FBX directly enhances hepatotoxicity associated with MTX, the effect of FBX on the cell viability and cytotoxicity in HepG2 cells were examined by MTS assay and cytotoxicity assay, respectively. Figure 3a ,b show the cell viability and cytotoxicity in HepG2 cells after exposure to MTX (100 μM) in the presence or absence of chrysin (1 μM) or FBX (0.1 μM) at 37 °C for 24 h. As shown in Fig. 3a , the cell viability was reduced to approximately 72% of that of the control by a single treatment with MTX. Besides, the cell viability was further reduced by co-incubation of FBX or chrysin (57% or 55% of control) with MTX. The cytotoxicity was increased to approximately 154% of that of the control by a single treatment with MTX ( Fig. 3b ). Co-incubated FBX or chrysin with MTX significantly increased the cytotoxicity (235% or 238% of control). On the other hand, a single treatment with FBX (0.1 μM) or chrysin (1 μM) showed no significant effects on the cell viability and cytotoxicity.
Discussion
Little is known about the drug interaction between FBX and MTX and the effect of FBX on the development of MTX-related adverse effects in clinical settings. To the best of our knowledge, this is the first study reporting the effect of concomitant FBX on the development of MTX-induced hepatotoxicity through BCRP-mediated drug interaction.
Although Miyata et al. 22 reported that FBX potently inhibits the transport of urate (typical BCRP substrate) in the BCRP-expressing plasma membrane vesicles, the BCRP-mediated drug interaction between FBX and MTX remained to be clarified. As shown in Fig. 1b , inhibition of BCRP-mediated transport of [ 3 H]MTX was confirmed by co-incubation of 0.1 and 1 µM FBX. When 40−120 mg of FBX was orally administered in human, the maximum plasma concentration (C max ) of FBX was reported to be approximately 5.3−13.5 µM 24 . Since the protein binding of FBX is 97.8% 25 , the C max of unbound FBX was estimated to be approximately 0.12−0.30 µM. Although there are no reports on the hepatic concentration of FBX after oral administration of FBX in human, the FBX concentration in the liver is found to be approximately 1.6-fold higher than that in the plasma at 1 h after oral administration of FBX (1 mg/kg) in rats as mentioned in the package insert (Feburic ® Tablet, Teijin Pharma Limited). This signifies that the FBX concentration in the liver could be higher than that in the plasma in human. In vitro studies demonstrated that co-incubated 0.1 µM FBX with MTX reduced the cell viability and enhanced the cytotoxicity as compared to single MTX exposure in HepG2 cells ( Fig. 3a,b ). Therefore, these findings reveal that concomitant FBX at a clinical dose should enhance MTX-induced hepatotoxicity by inhibiting BCRP-mediated MTX transport.
To clarify the clinical impact of concomitant FBX on the development of MTX-related adverse effects, we conducted the retrospective chart review in patients received HDMTX therapy and analyzed the FAERS database. Our present study demonstrated that the incidence of hepatotoxicity but neither nephrotoxicity and hematological toxicity in patients with FBX was significantly higher than that in patients without FBX (Table 2) . Moreover, analyses using the FAERS database revealed that a positive signal for MTX-induced hepatotoxicity was observed for the concomitant FBX (Table 3) . Therefore, these findings suggest that concomitant FBX should enhance the MTX-induced hepatotoxicity in clinical situations.
Since various drug transporters including OATPs, OATs, BCRP, and MRP2 are known to be responsible for the biliary and renal excretion of MTX [8] [9] [10] [11] [12] [13] [14] [15] , inhibition of these transporters could be attributable to the higher degree of adverse effects due to increased systemic exposure and/or altered renal and hepatic accumulation of MTX. As shown in Fig. 2 , concomitant FBX significantly increased the serum MTX concentration at 48 and 72 h after HDMTX, indicating that concomitant FBX could affect the pharmacokinetics of MTX through inhibition of tissue uptake and/or renal and biliary efflux of MTX via drug transporters. However, little is known about the inhibitory effect of FBX for other transports excluding BCRP. The serum MTX concentrations did not exceed the clinical risk limit values (>1 μmol/L at 48 h and >0.1 μmol/L at 72 h after MTX administration) 18, 26 . In addition, the standard prophylactic therapy of HDMTX-related toxicity, such as hydration and calcium folinate rescue was to be administered in all the study patients. Thus, we speculate that concomitant FBX could not increase the incidence of hematological toxicity in spite of increased serum MTX concentrations as shown in Table 2 .
Our study shows that FBX increases the incidence of hepatotoxicity in patients receiving HDMTX therapy ( Table 2 ). Because FBX-induced acute liver injury has been reported in some case reports 27, 28 , we assessed the causality between FBX and hepatotoxicity in patients receiving HDMTX (Supplementary Table 1 ). The causality score of FBX administration for the development of hepatotoxicity was "Unlikely" or "Excluded", indicating that the hepatotoxicity could not be associated with administration of FBX in the present clinical study.
Breedveld et al. 14 investigated the role of BCRP in the clearance of MTX using BCRP knockout mice and mice treated with pantoprazole (a BCRP inhibitor). The absence or inhibition of BCRP did not reduce the urinary excretion but reduced the fecal excretion of MTX after intravenous MTX administration in mice, suggesting that the function and/or activity of BCRP located in the liver predominantly affects the pharmacokinetics of MTX in mice. In human, ABCG2 mRNA is expressed abundantly in the liver and slightly in the kidney 29 . These findings suggest that concomitant FBX could enhance MTX-induced hepatotoxicity by increasing hepatic accumulation of MTX through inhibition of BCRP in the liver but not in the kidney.
Several case reports and retrospective studies have demonstrated that co-administration of PPIs delayed the elimination of MTX 17, 18, 30, 31 . Following these reports, the statement regarding the precautions for co-administration of PPI with MTX were added in the package insert of MTX in Japan in October 2013. Subsequently, concomitant PPI with MTX was not observed in our clinical study. On the other hand, FBX was www.nature.com/scientificreports www.nature.com/scientificreports/ approved for medical use in Japan in March 2011, and most patients who received therapy of HDMTX are currently co-administered with FBX for the for prevention of hyperuricemia accompanied by TLS. Therefore, it is assumed the rate of co-administered PPI was significantly higher in patients not receiving FBX than those receiving FBX in Table 1 .
In the present study, 17 patients (48 cycles) received PPIs (lansoprazole and rabeprazole) during HDMTX therapy. However, there were no significant differences in the serum MTX levels between patients receiving or not receiving PPI ( Supplementary Fig. 1 ). Besides, no significant difference in the incidence of hepatotoxicity was observed between the two groups (8% vs 10%, p = 0.775). In the analyses using the FAERS database (Table 3) , co-administration of lansoprazole or rabeprazole with MTX was not found to be a significant risk factor contributing to the development of hepatotoxicity. Thus, these results suggest that concomitant PPI with MTX could not affect the development of MTX-induced hepatotoxicity.
In the present clinical study, TLS was observed in three patients, and none of them received FBX, allopurinol, or PPI. Allopurinol, another xanthine oxidase inhibitor, has no inhibitory effects on the BCRP activity 22 . As shown in Table 3 , the co-administration of allopurinol with MTX was not found as a significant risk factor contributing to the development of hepatotoxicity. Although allopurinol is not approved for the prevention of TLS in Japan, it is effective for prevention of hyperuricemia associated with TLS during cancer chemotherapy 32 . Therefore, FBX could be discontinued and/or switched to allopurinol when hepatotoxicity develops with HDMTX therapy.
The present study has some limitations that need to be considered. First, it remains unclear whether the inhibition of FBX on the hepatic BCRP-mediated excretion of MTX mainly contributes to the enhancement of MTX-induced hepatotoxicity because there have been no reports on the inhibitory effects of FBX on the activity of the other transporters. Second, in the analyses using the FAERS database, the effect of FBX on hepatotoxicity following HDMTX therapy was not evaluated because most of the FAERS database had missing data regarding the dosage of MTX used. Finally, it was difficult to exclude the potential effects of other unknown confounders in our retrospective study. Therefore, further studies using in vitro and in vivo approaches are needed to clarify the detailed mechanism regarding enhancement of MTX-induced hepatotoxicity by FBX. In addition, a prospective study should be also conducted to determine the influence of FBX on the pharmacokinetics of MTX and the development of hepatotoxicity
In conclusion, our study is the first to demonstrate that concomitant FBX enhances hepatotoxicity in patients receiving HDMTX, at least in part, by the inhibition of hepatic BCRP. The present findings provide important information for the safe management of HDMTX therapy in clinical settings.
Materials and Methods
Materials. MTX 
transport study of [ 3 H]MtX with human BcRp-expressing plasma membrane vesicles. The
human BCRP-expressing plasma membrane vesicles were prepared from baculovirus-infected insect cells, and the control vesicles prepared from the mock-transfected cells were purchased from GenoMembrane Co., Ltd. (Kanagawa, Japan). The transport studies were performed according to the instructions provided by the manufacturer. Briefly, a reaction mixture (final volume, 50 μL) containing 10 μM [ 3 H]MTX, 50 mM MOPS-Tris (pH 7.4), 70 mM KCl, and 7.5 mM MgCl 2 , and membrane vesicles (50 μg of protein) was incubated at 37 °C for 5 min in the presence or absence of 4 mM ATP. The transport reaction was terminated by 200 μL of ice-cold wash buffer containing 40 mM MOPS-Tris (pH 7.4) and 70 mM KCl. The stopped reaction mixture was filtered through a UniFilter-96 GF/B (PerkinElmer, Waltham, MA). After washing with ice-cold wash buffer for five times, the filter plates were dried. Then 30 μL scintillation cocktail was added to each well. The radioactivity was counted using a MicroBeta 2 scintillation counter (PerkinElmer, Waltham, MA). For the inhibition study of chrysin (a potent BCRP inhibitor) 33 . For the prevention of adverse effects by HDMTX, all the enrolled patients received hydration with continuous intravenous infusion, urine alkalization with sodium bicarbonate, and intravenous calcium folinate rescue. The patients were excluded if they had missing data and received NSAIDs. The demographic data were extracted from electronic medical records. The serum MTX concentration was determined at 24, 48, and 72 h after the initiation of HDMTX therapy. The co-administered drugs, which may cause potential interactions with MTX, were identified by using Lexicomp ® Lexi-Interact TM Online (Lexi-Comp, Inc., Hudson, OH). In addition, we investigated the effects of co-administered of PPIs, granulocyte-colony stimulating factor (G-CSF) agents, and hepatoprotective agents, such as glycyrrhizic acid/amino acetic acid/methionine combined drug, and ursodeoxycholic acid. This study was conducted in accordance with the Declaration of Helsinki. The Ethics Committee of the Mie University Graduate School of Medicine and Faculty of Medicine approved this study (No. H2018-048). Informed consent from participants was obtained through an opt-out method in accordance with the Ethical Guidelines for Medical and Health Research Involving Human Subjects in Japan.
